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Abstract: Zelkova carpinifolia is a relict tree occurring in refugial zones of south-western Eurasia. The main 
aim of the study was the biometrical comparison of the leaf characteristics of the species sampled in three 
regions of Transcaucasia. We aimed to test the hypotheses that (1) leaves from vegetative (L) shoots would 
be larger and more variable than those from fertile (S) shoots, (2) the leaves from the same shoot type ex-
press geographic patterns of morphological differentiation, similar to pattern described for genetic markers 
and (3) to verify the systematic position of Z. hyrcana and Z. carpinifolia subsp. yomraensis. The plant ma-
terial was collected from 5 populations of Z. carpinifolia, one of Z. hyrcana and one of Z. carpinifolia subsp. 
yomraensis. The total 1482 leaves, 713 from L- and 769 S-type were measured using 26 characters. Our 
results show very high level of differences between leaves from the L- and S-type of shoots. The majority 
of leaf characters did not reveal dependence neither on geographic latitude, longitude and altitude nor on 
the basic climatic data. The results of multivariate analyses of S leaves revealed three group of populations, 
namely from (1) Colchis, (2) eastern Caucasus (3) Talysh. Thus, our biometric analyses revealed similar 
pattern to the haplotypic differentiation of Z. carpinifolia detected using chloroplast markers described in 
the literature. We did not detected significant differences in the leaf characters between supposed Z. hyrcana 
and/or Z. carpinifolia subsp. yomraensis, when compared to Z. carpinifolia, thus not confirming their separate 
taxonomic status. 
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Introduction
Species of the genus Zelkova (Ulmaceae) were im-
portant elements of the vast forests that prevailed 
throughout the Northern Hemisphere during much 
of the Cenozoic Period (Mai 1995). Today, this genus 
comprises six extant species with disjunct distribu-
tion patterns (Denk and Grimm 2005). Three spe-
cies occur in eastern Asia: Z. serrata (Thunb.) Mak-
ino, Z. schneideriana Hand.-Mazz. and Z. sinica C. K. 
Schneid. In western Eurasia, the genus is represent-
ed by Z. carpinifolia (Pall.) C. Koch and two species 
on the Mediterranean islands of Sicily (Zelkova sicula 
Di Pasq., Garfì & Quézel) and Crete [Zelkova abelicea 
(Lam.) Boiss.] (Kozlowski and Gratzfeld 2013). The 
oldest fossils that are attributed to Zelkova date from 
the early Eocene (55 Ma) in western North America, 
where the genus is extinct (Burnham 1986).
Zelkova carpinifolia is one of the most iconic rel-
ict trees in Transcaucasia (Kozlowski and Gratzfeld 
2013). This species grows in Georgia, Armenia, Azer-
baijan, Iran and Turkey (Güner and Zielinski 1998) 
and is a large tree, attaining an average height of 20–
35 (40) m and measuring up to 2 m in diameter. This 
species is a typical element of the humid broadleaved 
forests of Colchis as well as those of the Elburz and 
Talysh Mountains along the southern Caspian shore, 
generally from the lowland up to an altitude of ap-
proximately 1500–1550 m (Prilipko 1961; Zieliński 
1979; Browicz and Zieliński 1982a,b; Kozlowski and 
Gratzfeld 2013). The Transcaucasian area is consid-
ered one of the most important refugial zones of the 
Cenozoic relict flora in south-western Eurasia (Mai 
1995; Milne and Abbott 2002). The ancient range of 
Z. carpinifolia was most likely much broader, most-
ly during late Neogene and early Quaternary peri-
ods (Manchester 1989; Mai 1995; Denk and Grimm 
2005). The most frequently cited data are document-
ed by fossil leaves, which are generally variable and 
attributed to the fossil Z. zelkovifolia (Ung.) Bùžek et 
Kotl. The fossil leaves in the same deposits frequent-
ly present morphotypes that are very similar to those 
of the leaves of modern Z. carpinifolia or east Asiatic 
Z. serrata (Mai 1995; Denk and Grimm 2005) and in 
Europe also to Z. sicula and Z. abelicea (Hably 1997; 
Hably and Kvaček 1998; Denk and Grimm 2005). 
The Zelkova leaf shape, size, venation and type of 
serration are variable and only partly characteristic 
for particular species, as was found in the phyloge-
netic analysis of the contemporary species (Denk and 
Grimm 2005). The leaf character of particular spe-
cies depends on the type of the sprout from which 
leaves originate. The leaves from the sucker shoots 
(SS) are the largest, while those from the vegetative 
shoots (L) are somewhat smaller, and both types are 
different from the leaves of fruiting shoots (S) (Loz-
ina-Lozinskaya 1951; Wang et al. 2001; Denk and 
Grimm 2005). The latter are smaller, more regularly 
serrated and believed to be not as variable as L and 
SS leaves. 
The leaves of dicotyledonous trees are generally 
recognized as being strongly influenced by environ-
mental conditions (Kovačić and Nikolić 2005; Xu et 
al. 2009; Marcysiak 2012a,b,c), with a dimension and 
shape that are dependent to some degree on the posi-
Fig. 1. Geographic range of Zelkova carpinifolia (after Brow-
icz and Zieliński 1982b, simplified) and sampled popu-
lation positions (acronyms as in Table 1) with barriers 
(a, b, and c) that were detected using Barrier: A – on 
Euclidean distances between populations and B – on 
Mahalanobis distances between populations; red lines 
indicate significant distances on data from L-type shoot, 
while black indicate data from S-type shoot; and the 
thickness of the lines indicates the importance of the 
barrier: the thickest lines (a) are the most important, 
while the thinnest (c) are the least important
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tion on the shoot (e.g., Mejnartowicz 1972; Wójcicki 
1997; Wang et al. 2001). Additionally, leaves can be 
strongly modified as an effect of animal impact on 
the trees (e.g., Boratyński et al. 1987). 
According to phylogenies that were constructed 
on the leaf morphology and ITS variation, Z. carpinifo-
lia forms a different clade, while European Z. abelicea 
and Z. sicula are more similar to Z. serrata (Denk and 
Grimm 2005). This distinct position of Z. carpinifo-
lia within the genus, its relic geographic range and 
historical demography (Christe et al. 2014) are most 
likely responsible for the high level of the species 
morphological variation that accumulated in the sep-
arate regions, which resulted among other effects in 
the description of Z. hyrcana Grossh. et Jarm. from the 
Talysh in southern Azerbaijan (Prilipko 1961) and Z. 
carpinifolia subsp. yomraensis from Trabzon vicinity in 
Turkey (Anşin and Gerçek 1991). The latter was ver-
ified as the juvenile state of Z. carpinifolia (Zieliński 
and Güner 2000) but without an anatomical analy-
sis of the wood. Zelkova hyrcana is characterized by 
leaves from vegetative shoots that are 2–3.5 cm long 
and with 6–7 veins, while Z. carpinifolia leaves are 4–6 
cm long with 7–9 veins (Prilipko 1961). The taxo-
nomic value of Z. hyrcana, however, have not been 
confirmed (e.g., Safarov 1967; Browicz and Zieliński 
1972a,b; Zieliński 1979; Wang et al. 2001; Kozlowski 
et al. 2012; Christe et al. 2014), albeit that the name 
Z. hyrcana is still in consideration (Aliyev 1995; Uo-
tila 2011). The results of molecular analyses also 
did not support the taxonomic distinctiveness of Z. 
carpinifolia subsp. yomraensis (Christe et al. 2014). 
Following the principles of leaf variation that were 
mentioned above, we hypothesize that (a) leaves 
from L-type shoots will be larger and more variable 
than those from S-type shoots, (b) the leaves from 
the same type of the shoot and the same position 
on the shoot may show some geographic patterns 
of morphological variation and/or dependence on 
the environmental conditions, and (c) the leaves of 
populations from Talysh (Z. hyrcana) and vicinities 
of Trabzon (Z. carpinifolia subsp. yomraensis) do not 
differ from leaves of other populations, representing 
typical Z. carpinifolia. Consequently, the aim of the 
study was the biometrical comparison of the leaf ma-
terial that was sampled in various regions from the 
two types of the shoots (L and S) and the verification 
of the above hypotheses. We expected that our data 
would provide precise comparative material for fu-
ture palaeobotanical studies.
Material and  Methods
Plant material
The plant material was collected from seven pop-
ulations, among them five of Z. carpinifolia subsp. 
carpinifolia, one of Z. hyrcana and one of Z. carpinifo-
lia subsp. yomraensis (Fig. 1, Table 1). The fully de-
veloped, not damaged leaves from the central parts 
of the shoot types L and S were gathered from the 
south-facing parts of the tree crowns 1.5–3 m above 
the ground level. The leaves were pressed and dried 
as herbarium materials and preserved in this state for 
the biometrical analyses. The material was used to 
estimate the differences between leaves from L-type 
and S-types of shoots and the diversity and differenti-
ation of the species and to validate the systematic po-
sition of Z. hyrcana and Z. carpinifolia subsp. yomraensis 
compared to that of Z. carpinifolia s. str. Every indi-
vidual within a population was characterized using 
(7–)10 leaves from L- and/or S-type shoots. The total 
1482 leaves, 713 from L-type and 769 from S-type 
shoots, were measured. The differences between the 
numbers of tested leaves that were collected from 
L-type and S-types of shoots resulted from lack of 
L-type leaves in population TRA, where only fructi-
fying shoots were sampled (Table 1). 
Measurement procedures
Every leaf was characterized using 26 features: 17 
measured and/or counted and another 9 resulting 
from recalculations (Table 2). Additionally, the types 
of leaf bases (S_1–S_11) were estimated (Fig. 2). The 
leaf character set was adopted following results of 
the studies of the leaves of Carpinus, Corylus, Quer-
cus, Salix and Alnus (Białobrzeska 1970a,b; Kremer et 
al. 2002). The leaves were measured using color pic-
Table 1. Sampled populations of Zelkova carpinifolia (including Z. hyrcana and Z, carpinifolia subsp. yomraensis); L – vegeta-
tive shoot, S – fertile shoot; N – number of individuals; AMT – Annual Mean Temperature, APR – Annual Precipitation
Locality Code N Leaf type Longitude [°] Latitude [°] Altitude [m] AMT [°C] APR [mm]
Turkey, Trabzon (Z. carpinifolia subsp. 
yomraensis) TRA 7 S 39.866 40.950 76 14.46 981
Georgia, Ajametis Nature Reserve ANR 20 L, S 42.763 42.143 150 13.59 1303
Georgia, Vani VAN 16 L, S 42.565 42.089 100 14.40 1402
Georgia, Babaneuri Nature Reserve BAB 17 L, S 45.371 42.081 470 12.50 696
Azerbaijan, Xabulan XAN 10 L, S 48.800 38.661 40 14.22 1086
Azerbaijan, Parakand PAR 10 L, S 48.803 38.650 40 14.22 1086
Azerbaijan, Güneshli (Z. hyrcana) GUN 10 L, S 48.469 38.805 650 12.58 612
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tures of 300-dpi resolution of the underside (abaxial 
side) of a dry leaf that were obtained from the scan-
ner Epson V700 using WinFolia Pro2003 (Regent 
Instruments Inc.) software. The characters A, P, BL, 
BW, BW_50, BW_90, LLV, LV, LI, LWP, AA and AB 
were measured automatically, while TN, NVT, SHL, 
LHL and S_1-S_11 were counted, assumed or meas-
ured manually in WinFolia (Table 2). 
Statistical analyses
The frequency distribution of measured and es-
timated leaf character values was verified using the 
Shapiro-Wilks tests and frequency histograms to as-
sess the data symmetry and unimodality. The skewed 
data for particular characters were transformed to 
obtain their unimodal and normal distribution (Zar 
1999; Sokal and Rohlf 2003). The homoscedastici-
ty of the data variances was verified by Brown-For-
sythe’s test to assess the possibility of using paramet-
ric statistical tests (Sokal and Rohlf 2003). The data 
were standardized before further analyses according 
to STATISTICA 10 (StatSoft) procedures.
The arithmetic mean (M), standard deviation (D) 
and variation coefficient (V) were calculated for every 
leaf type and separately for every population to de-
termine the range of diversity. The possible inter-
action between pairs of characters was determined 
Table 2. Average values of leaf characters of Zelkova carpinifolia; L – vegetative shoots, S – fructifying shoots, M – arithmetic 
mean, Min – minimum, Max – maximum, V – variation coefficient, p – significance of results of Student’s t-test
Leaf character Acro-nym
L S Student 
test pM Min Max V M Min Max V
Leaf blade surface (cm2) A 12.28 3.21 37.90 35.02 4.37 1.15 11.61 37.27 <0.0001
Leaf blade circumference (cm) P 19.59 9.70 36.73 20.66 11.21 3.96 21.38 24.68 <0.0001
Leaf blade length (cm) BL 5.83 2.54 10.62 16.06 3.43 1.13 6.26 21.72 <0.0001
Leaf blade maximum width (cm) BW 2.97 1.44 5.53 20.35 1.82 0.59 2.92 18.26 <0.0001
Leaf blade width in 50% of length (cm) BW_50 2.78 1.31 5.28 20.28 1.68 0.48 2.79 19.14 <0.0001
Leaf blade width in 90% of length (cm) BW_90 0.77 0.26 2.30 27.64 0.51 0.15 1.19 25.92 <0.0001
Distance between midrib and denticle apex at maxi-
mal width of leaf blade. along the lateral vein (cm)
LLV 2.29 1.05 4.33 19.15 1.31 0.34 2.30 24.13 <0.0001
Distance between midrib and denticle apex below 
maximal width of leaf. along the lateral vein (cm)
LV 2.13 1.01 4.07 19.56 1.21 0.35 2.26 24.58 <0.0001
Distance between midrib and indentation between 
LLV and LV (cm) 
LI 1.85 0.88 3.65 18.99 1.04 0.33 1.89 23.19 <0.0001
Distance from basis to maximal width of leaf (cm) LWP 2.64 0.92 5.48 21.15 1.43 0.09 3.04 31.58 <0.0001
Angle of leaf blade apex (°) AA 38.59 13.21 98.73 16.10 42.97 18.19 88.15 19.07 0.0001
Angle of leaf blade basis (°) AB 99.34 48.92 168.63 9.75 99.92 49.33 160.55 11.20 0.7171
Number of leaf denticles on one side of leaf blade TN 10.19 6 16 11.19 8.84 5 15 14.81 <0.0001
Number of lateral veins of one side of leaf blade NVT 9.45 5 15 11.66 8.19 4 15 15.24 <0.0001
Length of longer side of blade (cm) LHL 5.79 2.62 10.58 16.84 3.48 1.18 7.60 22.28 <0.0001
Length of shorter side of blade (cm) SHL 5.98 2.83 10.82 16.97 3.55 1.19 7.88 22.22 <0.0001
Asymmetry of leaf blade [100× (LHL-SHL/LHL)] LA 3.06 0.00 12.67 65.28 2.03 0.00 10.31 63.55 <0.0001
Ratio of the number of nerves to the number of teeth 
[100× (NVT/TN)] 
PV 92.86 66.67 100.00 4.05 92.80 44.44 120.00 3.97 0.9191
Leaf blade width in 90% / maximum width 
[100×(BW_90/BW)] 
W_1 26.09 14.12 71.09 15.77 27.89 13.91 58.04 14.58 0.0042
Leaf blade width in 50% / maximum width 
[100×(BW_50/BW)] 
W_2 93.82 78.68 100.00 2.57 92.11 65.70 100.00 3.38 0.0001
Leaf blade width in 90% / width in 50% of length 
[100×(BW_90/BW_50)] 
W_3 27.82 14.87 74.18 15.52 30.25 14.68 63.36 13.32 0.0002
Leaf blade surface to circumference ratio (A/P) AP 0.60 0.33 1.05 16.86 0.38 0.14 0.63 14.94 <0.0001
Position of leaf maximal width [100×(LWP/BL)] LBW 44.97 23.44 67.26 10.73 40.84 4.15 60.06 14.55 <0.0001
Serration depth [(LLV+LV)/2-LI] DI 0.36 0.14 0.73 25.17 0.22 0.04 0.53 32.08 <0.0001
Leaf blade length/width (BL/BW) LS 2.00 1.08 3.09 12.47 1.89 1.12 2.99 12.64 0.0047
Fig. 2. Shape of leaf blade bases of Zelkova carpinifolia
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using Pearson’s correlation coefficient to avoid pos-
sible redundant variables (Zar 1999). The level of 
statistical significance of the differences between the 
mathematic mean values of particular characters be-
tween populations was verified using Tukey’s post 
hoc Honest Significant Differences T-test and t-test 
for independent samples by groups (Zar 1999; Sokal 
and Rohlf 2003). The same test was used to detect 
the level of differences between Z. carpinifolia subsp. 
carpinifolia, Z. carpinifolia subsp. yomraensis and Z. hyr-
cana, the two later taxa being represented by single 
populations (Table 1).
The possible dependence of values of particular 
leaf characters on longitude, latitude and altitude and 
the Annual Mean Temperature (AMT) and Annual 
Precipitation (AP) were verified using the Spearman’s 
coefficient rs (Sokal and Rohlf 2003). Meteorological 
data were retrieved from the DIVA-GIS database. The 
JMP (SAS Institute, Inc.) was used in the calculations. 
The relationships among the populations and the 
level of population differentiation independent of tax-
onomic status were evaluated using a principal com-
ponents analysis (PCA) and Fisher discrimination 
function analysis (FDA), followed by agglomeration 
after Ward’s method on the Euclidean and Mahalano-
bis’ distances. The recalculated characters (LA, PV, 
W_1, W_2, AP, LBW, DI, LS), the simple not included 
within the recalculated characters (AA, AB, Table 2) 
and arcsined values of characters S_1–S_11 were used 
in these analyses. The W_3 was excluded because of 
a very high correlation with W_2 (see below). The 
data were standardized before the analyses to avoid 
the possible influence of variation resulting from the 
different types of characteristics that were investigat-
ed (Sokal and Rohlf 2003; Stanisz 2007a,b). The STA-
TISTICA software (StatSoft) was used in the analyses. 
To evaluate the relationship between the geo-
graphical and morphological multi-character differ-
ences among the populations, a Mantel test (Mantel 
1967) was performed on the matrices of Euclidean 
and Mahalanobis distances and the geographical dis-
tances between populations using the PopTools v. 
3.2.5 software program. The geographical distances 
between the populations were determined in terms of 
coordinates using the MapInfo Professional 10.5 PL 
software (Pitney Bowes). The main barriers between 
populations were analyzed based on geographical and 
Mahalanobis distances using Barrier 2.2 (Manni et al. 
2004).
Results
Variation and correlation of characters
Most of the examined characters of Z. carpinifolia 
leaves from L- and/or S-type of hoots showed un-
imodal and normal or nearly normal distributions 
in every compared population. The Shapiro-Wilks’ 
test detected a not-normal distribution of data for 
L shoots in the character BW_90 in 4 populations; 
LA, LS and LBW in two populations; and AP, AB, 
BW, SHL, LHL, A, P, AA and PV in one population 
each. The AB, LA, LS and DI were transformed using 
decimal logarithms, and S_1–S_11 was arcsined be-
fore analyses. The not-normal distribution for leaves 
from S shoots was detected in the data of LS and TN 
in three populations; LBW and NVT in two; and in 
AA, SHL, LHL, LA, AB, PV and W_1 in one popula-
tion each. The GUN population had every character 
with a normal distribution. Similar to the case of the 
leaves from the L shoots, the skewed characters were 
logarithm-transformed, and the percentage data from 
S_1–S_11 were arcsined before analyses. 
The data variations for the L shoot leaves were 
homoscedastic, while 9 of those for the S shoot re-
vealed a significant level of variance heterogeneity in 
Brown-Forsythe’s test (characters LS, W_2, AB, S_4, 
S_6, S_8, S_10 and LBW with p≤0.01 and DI≤0.05). 
The latter were more homogenic after standardiza-
tion. The unimodality, normal distribution and ho-
moscedasticity of the data after transformation and 
standardization enable the application of multivari-
ate analyses and an analysis of variance. 
The most variable characters in the leaves from 
both types of shoots were LA and A, at approximate-
ly 65 and more than 35%, respectively. The most sta-
ble characters were W_2 and PV, at approximately 3 
and 4%, respectively (Table 2). 
The characters of both types of leaves (L and S) 
describing size of the leaf blade correlated positively 
at a high level. The highest correlation for the leaves 
from the L-type shoots was detected between the 
characters LLV, LV and LI (r=0.99 in every possi-
ble combination) and then between BW and BW_50 
(r=0.99). The same characters correlated in the 
leaves from the S-type shoots: LLV and LV (r=1), 
and LI and LLV and LV (r=0.99 in both cases), and 
between BW and BW_50 (r=0.99). Among the recal-
culated characters, the highest correlation was found 
between W_1 and W_3 (r=0.99 and r=0.98 for 
leaves from L-type and S-type shoot, respectively). 
Finally, only the recalculated characters and AA, 
AB and S_1–S_11, which were not included in the 
recalculated characters, were used in the multivariate 
analyses in both types of datasets.
Differences between the leaves from the 
L- and S-type of shoots
The leaves from the S-type of shoots were general-
ly smaller than were those from the L-type but with 
a broader angle of the leaf blade apex (AA) (Table 2). 
The leaves of the L (713 leaves) and S (769 leaves)-
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type shoots were compared using the t-test. All of the 
characters except for AB and PV showed significant 
differences (p≤0.05). The PCA confirmed high level 
of differences between the leaves from the L-type and 
S-type shoots (Fig. 3A). A similar result was detected 
using a discrimination analysis (Fig. 3B) and an ag-
glomeration of the closest Euclidean distances (Fig. 
3C) and Mahalanobis distances (data not shown). 
Fig. 3 Differentiation of populations of Zelkova carpinifolia (acronyms as in Table 1) based on: • – L-type shoot, • – S-type 
shoot. A – PCA (character codes as in Table 2), B – analysis of discrimination, and C – agglomeration on the Euclidean 
distances
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Every analysis differentiated populations first by all 
of the leaves of L versus those of S and then between 
populations in these two groups.
The PCA indicated that the characters BL, SHL, 
LHL, LV, LLV, LI, A, AP and LWP as describing the 
leaves from the L- versus S-type of shoots with the 
highest power and detected a rather slight influence 
on the differentiation types of the leaf basis. From 
the latter, only S_6 had a greater impact to the dif-
ferentiation of populations on the PCA scatter plot. 
The first-mentioned character set influenced mostly 
the first PCA factor, while the remaining characters 
influenced both of the factors. 
The dispersion of the studied populations among 
the 3 first discrimination variables U1, U2 and U3, 
which were responsible for 79% of the total varia-
tion, revealed the differences resulting from the ori-
gin of leaves from L- versus S-type shoots (Fig. 3B). 
These differences were detected by the first discrim-
inating variable U1, which was determined mostly by 
the characters AP, DI and S_10. 
Position and climate influence on the 
leaf characteristics
The leaf characters that were used in the analy-
ses generally did not reveal dependence on the geo-
graphic position of the populations. Only the propor-
tion of the leaf blade in its middle to maximal width 
(W_2) in the leaves from the S-type shoots correlat-
ed positively with the geographic latitude and neg-
atively with the longitude (r2=0.897, p=0.004 and 
r2=0.686, p=0.042, respectively). Among all of the 
characters, only the angle of the leaf blade (AB) of 
leaves from S-type shoots correlated negatively with 
the AMT and APR (r2=0.651, p=0.052 and r2=0.692, 
p=0.040, respectively). However, the detected geo-
graphic and climatic dependences should be treated 
with caution because of the small number of tested 
populations of Z. carpinifolia.
Differences between populations
The average values of the characters representing 
the same type of shoot were generally similar but to 
some degree were specific for every population (Ta-
ble 3). The differences between populations when 
comparing the leaves representing the same type of 
shoots (L or S) were tested using Tukey’s HSD test. 
The highest number of characters of the leaves from 
L-type shoots differed in population BAB (Babaneu-
ri in eastern Georgia) from the others, representing 
Anatolia in Turkey and Colchis in western Georgia 
(TRA, VAN, ANR) and Talysh in south-eastern Azer-
baijan (GUN, XAN, and PAR). Interestingly, the 
Anatolian populations did not differ at all from any 
other population with respect of the leaf characters 
from L-type shoots (Table 4). Populations VAN and 
BAB differed at the highest level from the others 
with respect to the characters of the leaves from the 
S-type shoots. The lowest numbers of differences be-
tween populations represented by fructifying shoots 
were found between population PAR and the others 
and between TRA and the others (Table 4). All of the 
particular characteristics of the leaves from L- and/
or from S-type shoots differentiated at statistical-
ly significant levels at least between two compared 
populations. 
The multivariate analyses (PCA, discrimination, 
and agglomeration) indicated the most prominent 
separation of BAB compared to the other popula-
tions (Fig. 3A, B and C). In addition, the Talysh pop-
ulations (XAN, GUN, and PAR) revealed differences 
from the Colchis-Anatolian populations (TRA, VAN, 
and ANR). These differences are more visible for the 
set of leaves from S-type shoots than from L-type 
shoots (Fig. 3A and B). The greatest difference 
in BAB was detected also in agglomeration on the 
shortest Euclidean distances, but only on the leaves 
from S-type shoots, while the differentiation of the 
Euclidean distances between populations for the 
leaves from L-type shoots did not show geographic 
characters (Fig. 3C). A similar dependence was also 
found using Mahalanobis distances between popula-
tions (data not shown).
Taxonomic position of Zelkova hyrcana 
and Z. carpinifolia subsp. yomraensis
Zelkova hyrcana individuals were very similar to 
those that were sampled as Z. carpinifolia subsp. 
carpinifolia with respect to both types of leaves. In ad-
dition, individuals of Z. carpinifolia subsp. yomraensis 
did not reveal any differences from the typical subsp. 
of Z. carpinifolia (Fig. 3A and B). Similar results for 
both of the discussed taxa were found using agglom-
erations of the Euclidean (Fig. 3C) and Mahalanobis 
distances for leaves from L- and S-type shoots (data 
not shown). Thus, we did not detect differences in 
the shape of leaves, indicating that the Z. hyrcana and/
or Z. carpinifolia subsp. yomraensis be distinguished 
as separate taxa. The level of differences that were 
found between these two taxa and other populations 
was similar to the differences among populations of 
Z. carpinifolia subsp. carpinifolia itself. The number of 
significant differences between Z. hyrcana and other 
populations and Z. carpinifolia subsp. yomraensis and 
other populations did not cross the numbers of char-
acters differentiating a statistically significant level 
among the populations of Z. carpinifolia (Table 4).
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Geographic pattern of variation
The tested populations did not show a clear ge-
ographic pattern of multivariate differentiation on 
the leaves from L- or S-type shoots; however, some 
regularities can be observed: (1) the northernmost 
and geographically isolated BAB population is char-
acterized by a high level of differences with respect 
to the leaves from the L- and S- shoots (Fig. 3A, 
B and C); (2) the Colchis populations of ANR and 
VAN are isolated from the Talysh populations of 
GUN, XAN and PAR with respect to the leaves from 
both types of shoots, and (3) the Anatolian TRA is 
similar to that of the Colchis populations (Fig. 3A, 
B and C). 
The Mantel test that was conducted using the Eu-
clidean distances compared to geographic distances 
did not show dependence with r=0.062, p=0.788 
and r=0.086, p=0.675 for L-type and S-type leaves, 
respectively. The square of Mahalanobis distances, 
however, detected weak but significant correlations 
with the geographic distances among populations, at 
r=0.504, p=0.032 and r=0.358, p=0.043 for L-type 
and S-type leaves, respectively. 
The barriers that were constructed on Euclidean 
and Mahalanobis distances using Barrier software 
confirmed the validity of the differences between pop-
ulation BAB and the others in data from both types 
of leaves (L and S) using Euclidean and Mahalanobis 
distances (Fig. 1A and B). In addition, differences in 
the population TRA to other Colchis-Caucasian and 
GUN to others from Talysh have been detected. 
Discussion
Leaf characteristics 
The leaves of Z. carpinifolia have not been verified 
biometrically until now using such a high number of 
characters. Our data, which resulted from the meas-
urement of more than 700 leaves from two types of 
shoots, provide the most adequate data but only for 
the plant material from the middle part of the shoot. 
However, the results presented here are generally 
similar to previously reported data (Table 5). We 
found the average values of BL with the range of data 
that have been reported in the floras, independent of 
Table 4. Result of the Tukey’s HSD T-test (p≤0.01 and p≤0.05) between populations (codes as in Table 1) on the Zelkova 
carpinifolia leaf characters (codes as in Table 2) from the vegetative (L) and fructifying (S) shoots
L TRA VAN ANR BAB GUN XAN
VAN
ANR TN
BAB
A, P, BL, BW, 
LLV, LV, LI, LS, 
LHL, AP, DI, 
SHL, AB
A, P, BW, AP, 
BW_90, LLV, LV, 
LI, LA, LS, AB
GUN
A, P, PL, BW, 
LLV, LV, LI, LWP, 
LHL, AP, DI
XAN AA LV, A, P, LI, AB
PAR LA LA, LBW, LWP
A, P, BL, BW, 
LLV, LV, LI, 
LWP, DI, SHL
LA LA, LBW
S TRA VAN ANR BAB GUN XAN
VAN PV
ANR
P, BL, LLV, LV, 
LI, LWP, DI, A, 
BW, SHL, LHL
BAB AA, LS, AB
P, BW, BW_90, 
LLV, LV, LI, AA, 
LS, DI, W_1, 
W_3 LBW
AA, LS, W_1, 
W_3
GUN LA, LBW, PV
AA, BW_90, 
W_1, LBW, LS, 
W_2
XAN PV
A, P, BL, BW, 
BW_90, LLV, LV, 
LI, LWP, TN, 
SHL, NVT, LHL, 
AP, DI
BL, AA, W_1, 
W_3, LS, A, AA, 
TN, SHL, LBW, 
LHL, AP
P, A, BL, BW, 
LWP, TN, SHL, 
NVT, LHL
PAR LA, PV, LBW BW, AP LA
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the origin from the L versus S shoot types. The leaves 
from the L shoots have an average BL value that falls 
near the mid-distance between reported data, while 
that from the S shoots was closer to a lower distance. 
A similar situation can be observed in the case of BW. 
We found the lowest values of minima and highest 
values of maxima BL and BW, albeit that we analyz-
ed leaves that were sampled from the central parts 
the shoots. This result can be interpreted that in the 
central parts of shoots of Z. carpinifolia, the leaves are 
generally the largest, also confirming the pertinence 
of sampling for biometrical studies, as previously 
suggested (e.g., Wójcicki 1997; Kremer et al. 2002; 
Krauze-Michalska and Boratyńska 2013).
The average number of lateral leaf veins was gen-
erally higher or close to the upper range limits that 
were reported by previous authors. We also found 
the highest ranges of variation of this character when 
compared to reported data (Table 5). The higher val-
ues of this character can result from the more-de-
tailed counting by one investigator in our dataset. 
We described the leaves using a broad set of char-
acters, most of which were not been previously used. 
In this respect, we provide for the first time data on 
A, P, BL, BW, LLV, LV, LI, LWP, AA, AB, TN, NVT, DI 
and several other proportions. We expect that this 
set of data will be useful in the identification of fossil 
types (compare for example Hably and Kvaček 1998; 
Kvaček 1998; Denk and Grimm 2005; Kvavadze and 
Connor 2005). 
Differences between the leaves from L 
and S shoots
The leaves from the L-type shoot of Z. carpinifolia 
were had larger dimensions (e.g., Lozina-Lozinskaya 
1951; Prilipko 1961; Browicz and Zieliński 1982b). 
The differences in characters other than BL and BW, 
however, have not been evaluated until now. We 
found that all the dimensional characters, which are 
correlated with each other, have significantly high-
er average values in leaves from L-type shoots com-
pared to data concerning the leaves from S shoots 
(Table 2). Interestingly, the first three, the most cor-
related characters (A, P, and BL) have a higher level 
of variation in the S shoot leaves set (Table 2). The 
angle of leaf apex (AA), as only one character with 
a significantly higher average value for the S shoot 
Table 5. Average values and range of variation of BL, BW and NVT of Zelkova carpinifolia s.str., Z. hyrcana and Z. carpinifolia 
subsp. yomraensis, received in the study (bolded) compared to literature data
Character Value Remarks Source of data
Zelkova carpinifolia
BL 4–6 cm Grossgeim 1930
4–8 cm Lozina–Lozinskaya 1951
(1.5–)2–3.5(4.6) cm Prilipko 1961
to 10–12 cm on SS type of shoot Prilipko 1961
(1.5–)2–8(–9) cm Browicz and Zieliński 1982b
up to 8(–10) cm Zieliński 1979
5.83(2.54–10.62) cm L type of shoot Own data
3.43(1.13–6.26) cm S type of shoot Own data
BW 2–4 cm Lozina–Lozinskaya 1951
(1–)1.5–4(–4.5) cm Browicz and Zieliński 1982b
up to 4(–4.5) cm Zieliński 1979
2.97(1.44–5.53) cm L type of shoot Own data
1.82(0.59–2.92) cm S type of shoot Own data
NVT 4–8 Lozina–Lozinskaya 1951
(4–)6–7(–9) Prilipko 1961
6–10(–12) Browicz and Zieliński 1982b
(3–) 6–12 Wang et al. 2001
up to 12 Denk and Grimm 2005
9.45 (5–15) L type of shoot Own data
8.19 (4–15) S type of shoot Own data
Zelkova hyrcana
BL 4–6(–7.5) cm Prilipko 1961
to 12 cm on SS type of shoot Prilipko 1961
NVT (6–)7–9(–12) Prilipko 1961
Zelkova carpinifolia subsp. yomraensis
BL 2–5(–6) cm Anşin and Gerçek 1991
BW (0.8–)1.5–2(–2.5)cm Anşin and Gerçek 1991
NVT 6–8(–9) Anşin and Gerçek 1991
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leaves, also has higher level of variation than that ob-
served in the set of L shoot leaves. 
The differences between the leaves from L and S 
shoots in Z. carpinifolia are comparable to the differ-
ences between the leaves from vegetative long shoots 
versus fertile short shoots of other tree species with 
elliptic and/or ovate leaves (e.g., Wójcicki 1997, 
but see also Jentys-Szaferowa 1970 and Staszkiew-
icz 1997). Interestingly, a broad apex angle was ob-
served on the leaves from fructifying short shoots 
of Alnus viridis (Chaix) DC. (Wójcicki 1997), Corylus 
avellana L. (Białobrzeska 1970a) and Carpinus betulus 
L. (Białobrzeska 1970b). The fruiting short shoot 
leaves of the mentioned species had a generally 
broader apex angle than did the leaves from vege-
tative long shoots. However, inverse proportions of 
this character were detected in leaves of Tilia cordata 
Mill. (Staszkiewicz 1970). In addition, the characters 
of leaves from long versus short shoots were differ-
ent, with generally lower average values of the latter 
(Jentys-Szaferowa 1970; Staszkiewicz 1997 and lit-
erature cited herein). We found similar differences 
between the verified sets of leaves of type L and S 
shoots in every studied population of Z. carpinifolia 
(Table 3; Fig. 3A, B and C). 
Position and climate influence on the 
leaf characteristics
The most of tested leaf characters did not reveal 
dependence on geographic latitude, longitude or alti-
tude nor on the basic climatic data (AMT, APR). We 
found such dependences only for two characters of 
S-type leaves, namely W_2 in latitude and negatively 
in longitude and AB on AMT and APR. It is surpris-
ing that the different climatic data of particular popu-
lation (Table 1) did not cause a higher number of dif-
ferences in the phenotypic characters of the leaves. It 
is noteworthy the similar tendency of variation in AB 
of Alnus incana (L.) Moench leaves (Krauze-Michal-
ska and Boratyńska 2013). 
A relatively higher number of dependences be-
tween leaf characters and bioclimatic factors has 
been detected for Salix herbacea (Marcysiak 2012c). 
The differences between Z. carpinifolia and S. herbacea 
may result from the ecological conditions of their oc-
currence. Salix herbacea is an arctic-alpine plant that 
is grown in the harsh climatic conditions of tundra 
or the alpine vegetation belt in the mountains, while 
Z. carpinifolia is a component of humid broad-leaved 
woods of low areas, up to altitudes of 1500 m in the 
Colchis and/or Hyrcanian mountains (regions after 
Browicz and Zieliński 1982b; Takhtadzhian 1986). 
In addition, the A. incana reaction to climatic data 
was rather low, which was explained by its occur-
rence on the river banks in humid forest vegetation 
(Krauze-Michalska and Boratyńska 2013). 
Multivariate differences between 
populations
The results of the multivariate analyses indicated 
geographic isolation between 3 groups of the analyz-
ed populations, namely from Colchis and Anatolia 
(TRA, VAN, ANR), from Transcaucasia (BAB) and 
from the Talysh (GUN, XAN and PAR) that was the 
most prominent when using leaves from the S-type 
shoots. The L-type shoot leaves revealed mostly 
different characters of Transcaucasian population 
(BAB), which may indicate an independent pattern 
of variation in the leaves from S- and L-type shoots 
in every population of Z. carpinifolia; however, both 
datasets correlate at very high level (r=0.995). The 
leaves from the short shoots were more frequently 
used in the analyses of variation of several woody 
species as generally less variable (e.g., Jentys-Szafe-
rowa 1970; Staszkiewicz 1997). 
The differences between populations that were 
found during our study resembled the haplotyp-
ic differentiation of Z. carpinifolia as detected using 
two chloroplast markers (Christe et al. 2014). We 
have only 7 populations of 15 examined genetical-
ly, but biometric analyses revealed a similar pattern 
of differentiation when using the leaves from S-type 
shoots. Genetic differences are considered to be an-
cient, resulting from spatial isolation in particular re-
gions with the subsequent extinction of populations 
of intermediate character between regions (Christe 
et al. 2014). The reduction of the species range and 
the extinction of several populations can result from 
a reduction of Paratethys during late Miocene and 
Pliocene (Popov et al. 2006) and the climate changes 
that are connected with that process. The lack of di-
rect dependency on most of the tested morphological 
characters on the climatic factors of particular popu-
lations (see above) can indicate the genetic condition 
of leaf morphology. Similar patterns of genetic and 
morphological differentiation of populations were 
found in several other species (e.g., compare Terrab 
et al. 2008 with Boratyński et al. 2013; Terrab et al. 
2007 with Sękiewicz et al. 2013, see also Boratyński 
et al. 2014).
Taxonomic position of Zelkova hyrcana 
and Z. carpinifolia subsp. yomraensis
We did not detect significant differences in the 
leaf characters between supposed Z. hyrcana and/or 
Z. carpinifolia subsp. yomraensis (population GUN and 
TRA, respectively) when compared to Z. carpinifolia s. 
str. (Table 1). The GUN population appeared similar 
to the two other populations from the Talysh, while 
TRA to the two populations from the Colchis (Fig. 
3A, B and C). However, the barriers that were de-
tected using Barrier 2.2 separate the TRA population 
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from other Colchis populations (Fig. 1) and GUN 
from other Talysh populations. These differences, 
which were revealed using Euclidean and Mahalano-
bis’ distances, have not been detected in multivariate 
analyses or in analyses of differences using particular 
characters (Table 4). 
The results of genetic differentiation analyses also 
did not find significant differences between Z. hyr-
cana and Z. carpinifolia subsp. yomraensis when com-
pared to typical subspecies of Z. carpinifolia (Christe 
et al. 2014). Thus, neither genetic nor biometric 
studies on the leaf characteristics confirmed the 
separate taxonomic status of either Z. hyrcana or Z. 
carpinifolia subsp. yomraensis. Our results support the 
inclusion of these species into the synonyms of Z. 
carpinifolia, as has been noted in several taxonomic 
studies (Czerepanov 1957; Safarov 1967; Browicz 
and Zieliński 1982a,b; Zieliński 1979; Zieliński and 
Güner 2000). The values of the characters, which are 
typical for Z. hyrcana, namely leaves from vegetative 
shoots that are 2–3.5 cm long with 6–7 veins (Prilip-
ko 1961), appeared in GUN as significantly higher 
and similar to the average values of these characters 
of leaves from L-type shoots in other compared pop-
ulations (Table 3). We must state that the population 
GUN represents typical Z. carpinifolia. 
Zelkova carpinifolia subsp. yomraensis was described 
from vicinities of Trabzon as a shrub with leaves that 
were (1–)2–8(–9) cm long and (1–)1.5–4(–4.5) cm 
wide, with 6–10(–12) lateral veins (Anşin and Gerçek 
1991). The material that was collected from 7 spec-
imens in the same region of Anatolia and that was 
used in the present study did not reveal differenc-
es when compare to other populations. We did not 
discard the L-type leaves from the TRA populations, 
and we did not study the anatomical characteristics 
of the wood; therefore, we can conclude that the leaf 
characters did not confirmed the separate systematic 
status of this taxon. The leaf characters of the type of 
Z. carpinifolia subsp. yomraensis were found as repre-
senting the specimen as deformed by grazing (Ziel-
iński and Güner 2000). In the genetic study, the TRA 
population did not reveal drastic differences from 
the other populations that were sampled in Colchis 
(Christe et al. 2014).
Conclusions
Our study shows a very high level of differenti-
ation between the leaves from the L- and S-type 
shoots of Zelkova carpinifolia. The majority of the leaf 
characters did not reveal dependence on geographic 
latitude, longitude or altitude nor on the basic cli-
matic data. The different climatic conditions of a 
particular population did not cause a greater num-
ber of differences in the phenotypic characters of the 
leaves. The results of multivariate analyses of S-type 
shoots revealed some geographic pattern of variation 
between the three groups of analyzed populations, 
namely from (1) Colchis, from the (2) eastern Cau-
casus (Babaneuri) and from the (3) Talysh region in 
south-eastern Azerbaijan. Thus, our biometric analy-
ses revealed a similar pattern as that of the haplotypic 
differentiation of Z. carpinifolia detected as described 
in the literature using chloroplast markers. Addition-
ally, we did not detect significant differences in the 
leaf characters between the supposed Z. hyrcana and/
or Z. carpinifolia subsp. yomraensis when compared 
to Z. carpinifolia, thus not confirming their separate 
taxonomic status. Moreover, our data provide pre-
cise comparative material for future palaeobotanical 
studies.
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